We have analyzed amino acid, nucleotide sequence, and RNA secondary structure variability in the env gene of human immunodeficiency virus type (HIV-1). In applying algorithms for computing optimal RNA-folding patterns to a nonredundant data set of 178 env nucleotide sequences, we found a conserved RNA stem-loop structure in the first conserved (C1) region of the env gene. This detailed examination also revealed the known secondary structure conservation of the Rev-responsive element (RRE). This finding is also supported by a higher third position conservation of the translatable reading frame along these subregions. The typical folding of the C1 region consists of two isolated stem-loop structures. These highly conserved structures are likely to have a biological function. This assumption is supported by the conservation of the third position along the coding region of these structures. The third position retains a conservation level above what would be statistically expected. 867 
INTRODUCTION

Diversity in HIV-1
D
IFFERENT ISOLATES of human immunodeficiency virus type 1 (HIV-1) exhibit striking genetic diversity. [1] [2] [3] This is a result of the high evolutionary rate of HIV-1 caused by the error-prone reverse transcriptase. The diversity is especially high in the env and gag genes. 3, 4 In the region encoding the envelope glycoprotein gp120 the genetic diversity has been shown to directly influence the HIV-1 phenotype. 5 Several conserved and hypervariable regions along the env gene have been identified 6, 7 and analyzed. [8] [9] [10] In particular, intense analysis has been performed for the third hypervariable region (V3). 11 The HIV-1 genome variability gives rise to drug resistance, enables the escape of the virus from immune responses, and apparently has so far prevented the development of an effective vaccine. There is, therefore, a clear need for improved understanding of the underlying selection governing the variability and conservation of the genome. The presence of conserved RNA secondary structures could be one such underlying factor.
A conserved region at the gene level (e.g., a consequence of functional RNA secondary structures) and the protein level (as a consequence of functional and structural protein constraints) could very well serve both as constant and common target for new therapeutic as well as immunological approaches that would be less susceptible to genetic escape.
There are several well-known RNA secondary structures along the HIV-1 genome that play various functional roles during the virus life cycles. The best known are the trans-activation responsive (TAR) elements, which interact with the Tat protein, [12] [13] [14] and the Rev responsive element (RRE), which interacts with the Rev trans-activator protein. [15] [16] [17] [18] In elucidation of these structures both the statistical treatment of the variability and RNA secondary structure prediction had played a crucial role. 15, 17, 19, 20 Some yet undiscovered RNA secondary structures may also be involved in regulation of HIV-1 gene expression, in dimerization of single-stranded HIV genomes, in regulation of the retrovirus mutation rate, in transportation of genomic RNA to the cytoplasm, and in splicing events.
HIV-1 RNA structure
The well-known difficulties in prediction of the minimum free energy RNA secondary structure for the entire HIV-1 genome are caused by its large size. 21 Our efforts focus on pre-diction of conserved functional RNA secondary structures located in the env region. To elucidate features and positions of such structures, we assessed the genetic diversity of all available sequences encoding the complete envelope protein and applied various computational methods to predict common RNA folds within the env gene. Studies of variability along the env gene by multiple alignment help to outline the conserved and variable regions. Definitions of the conserved and variable regions of the envelope protein are usually related to variability of amino acid Env sequences. The common approach concerning these regions is basically related to protein immunogenic determinants and protein structure and function. However, assuming that the conservation of a protein sequence is the only source of evolutionary pressure would be an oversimplification of the picture. The RRE is the best example of how selection for RRE RNA secondary is consistent with amino acid sequence conservation of the env gene at the gp120-gp41 junction cleaved by a nonvariable cellular protease. This region is thereby conserved for at least two reasons: to preserve the gp120-gp41 consensus cleavage motif and to preserve functional RRE RNA secondary structure. We show that the RRE region exhibits the highest conservation among all regions of the gene. Previously, significantly increased similarity was found between secondary structures of the RRE in different lentiviruses such as caprine arthritis-encephalitis virus and visna virus. 22 Thus, at least in the case of the RRE, the presence of conserved RNA secondary structure is a major contribution to the conservation of the genomic sequence.
Thermodynamic RNA structure predictions
Use of thermodynamic calculations as a method for RNA structure predictions is, to say the least, controversial. In an early study, Trifonov and Bolshoi 23 tried to overcome this problem by using multiple alignments for predicting canonical base matching in 5S rRNA. Using this genomic method, they predicted the 5S rRNA secondary structure. To demonstrate the advantages of combining thermodynamic structure prediction by energy minimization with information obtained by phylogenetic alignment of sequences, Luck et al. 24 applied their method to predict the structure of the RRE, the tRNA-like element of cytomegalovirus (CMV), and prion protein mRNA from different organisms. The presence of biological function of the RNA secondary structure regions is indicated only if signals of nucleotide conservation overlap with signals of RNA fold conservation and still overlap with conservation of the third position along the translatable open reading frame.
In this work, we present evidence that in the conserved C1 region of the HIV env sequence, there is a previously undetected putative RNA secondary structure.
MATERIALS AND METHODS
Construction of a data set
A sequence data set compilation is crucial to any study of variability, 25, 26 especially in the case of human immunodeficiency virus. [26] [27] [28] The most obvious problem is to determine the basic criteria for removal of fragments (clones) to derive a representative set of sequences for further analysis. HIV data were historically collected quite randomly. In many cases features such as the onset of infection, disease status, antiviral treatment, geography, etc., were not annotated, which prevented accurate data selection according to these criteria. Consequently, we used the "bulk" method: to include as many sequences as possible before further database cleaning.
The env data set
We used the data set of 382 complete HIV-1 genome sequences retrieved from the Los Alamos HIV sequence database. A pool of 382 env sequences was obtained by extraction of env genes encoding the gp160 protein. This pool was subjected to cleaning and redundancy control in the following steps.
1. Cleaning by size and valid features of coding sequences: Only sequences larger than 2000 bases, starting with ATG and ending with a valid stop codon, with coding region length modulo 3, were kept (234 sequences).
2. gp120-gp41 cleavage validity: Fourteen sequences lacking the consensus REKR fragment in the amino acid sequence for the cleavage site between the gp120 and gp41 proteins were discarded (220 sequences left).
3. Redundancy control: The goal of redundancy reduction is to obtain a data set in which the similarity between any two sequences is below a certain threshold. For this purpose we used CLEANUP, a fast computer program for removing redundancies from nucleotide sequence database. 29 A subset of 180 sequences with pairwise similarity of less than 90% nucleotide identity was selected.
4. Alignment consistency: Two env sequences with a few nonmutational insertions, probably resulting from recombination, caused multiple gaps in the alignment. Removal of these two sequences resulted in improved alignment, leaving a final pool of 178 sequences. A list of accession numbers of these 178 sequences is shown in Table 1 . Automatic multiple alignment is a compromise reflecting gap creation and gap extension penalties, and functions poorly in variable regions. Our data set contains high-variability regions (V1, V2, and V3); therefore manual refinement of alignments for further analysis was inevitable.
Information content of multiple alignments
To find the relevant signal in the multiple alignments we used the Kullback-Leibler measure of information content. 30, 31 This measure quantifies the contrast between an actual and an expected distribution of amino acids and nucleotides, respectively. This is used to calculate the total amount of information per position in the alignment. In general, the information content for position i in the alignment may be written as
where index k either sums over all possible amino acids or all possible nucleotides, when in both cases k may mean a gap as well. Thus k varies from 1 to 5 for nucleotides (A, C, G, T, -) and from 1 to 21 for amino acids. The quantity q ik is the observed fraction of amino acid/base/gap k at position i, and p k is the expected value. Neglecting gaps and using a uniform background distribution reduces this measure to the Shannon infor-mation measure used by Schneider and Stephens 32 to compute sequence logos. For gaps we used the background probability p -5 1 as discussed in the references above. In the case of the Shannon information, the maximum information in bits per position is log 2 2 < 4.3 for amino acids and log 2 4 5 2 for nucleotides. The quantifier p k used here for nucleotides is p N 5 0.25.
Analysis of sequence alignments
The multiple alignments were in all cases made by CLUSTAL W. 33, 34 The program was used to search for overall variability. One should be aware that a variable region (a region in the alignment being less conserved in sequence) will by nature contain gaps. Hence, when computing the information content of the alignment, we search for low-entropy regions with the least possible number of gaps.
Analysis of multiple alignments of RNAfold predictions
Once profiles of variability have been obtained, further analysis is performed at the RNA level by searching for RNA secondary structure candidates. Such candidates are provided by the programs Mfold, version 3.0, [35] [36] [37] and RNAfold, Vienna RNA package version 1.4. 38, 39 The output of RNAfold is a string of dots and brackets, where "." (i.e., a dot) represents a base not involved in complementary contacts, and "(" and ")" (i.e., brackets) represent 59-and 39-complementary bases of the stem (59ds and 39ds; ds, double stranded). For instance, the string ((((.....)))) would refer to a stem-loop structure with four base pairs in the stem and five nucleotides in the loop. Gaps were inserted into strings of dots and brackets according to their positions in the aligned nucleotide sequences. Thus, the alignment of the RNA structures was made in order to reveal RNA structure motifs common for many of the env sequences. Conservation of an RNA secondary structure element at position i is calculated again, using a relative information measure:
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Back translation and randomized back translation
To demonstrate the significance of the analysis of the nucleotide sequence and the analysis of RNA fold multiple alignments, two back translation procedures were performed. The first procedure was carried out by correct adding of gaps to the original database (DNA) sequence according to the gaps appearing in the corresponding amino acid sequence. The other procedure involved randomized codon editing within the boundaries of each amino acid. A Perl program picked a random codon from each amino acid codon repertoire according to the original amino acid sequence and added it to the back-translated DNA sequence. At each position in which a gap appeared in the amino acid sequence, three gaps were added to the generated randomized DNA sequence.
Visualization of RNA folds
To illustrate the most conserved features of the putative RNA secondary structures in the C1 subregion we presented two RNA fold predictions: a common C1 RNA secondary structure and one specific representative of C1 fragments. The putative common C1 RNA fold was predicted by GeneBee, 40 a server for RNA secondary structure prediction based on sequence alignment. The aligned C1 sequences were extracted from the aligned env sequences described previously. To illustrate the folding of representative sequence, we present C1 RNA structure folded by the Mfold program, using a C1 extract from the sequence HXB2. alternating conservative and variable regions. 6 A map of information content distribution along the env gene also shows similar variation. Remarkably, our conserved and variable regions coincide well with the published positions of C1-C5 and V1-V5 env regions. 6, 9 The maps of information content distribution are shown in Figs. 1-5 . Here, the known locations of conserved regions (C1-C5) and the third variable region (V3) of the env gene are indicated.
RESULTS
Conservation of the env gene
In Fig. 1 , we present the information content results of multiple alignment of 178 Env protein sequences. Note that the gp41 part of the env gene is highly conserved except for a small region around position 900 in the Env amino acid alignment enumeration. The most conserved part of the whole gp160 protein is the border region at the gp120-gp41 cleavage site, where the RRE is located. [15] [16] [17] [18] 41 One likely explanation of the extraordinary conservation is the joint evolutionary pressure both on the RNA secondary structure of the RRE and on the protein sequence, for preservation of the gp120-gp41 consensus cleavage motif.
RNA secondary structure conservation along the env gene
To discover DNA codes different from the obvious protein coding we compared conservation patterns at the amino acid and nucleotide levels. We did not perform DNA multiple alignment per se. Rather, we used the back-translation technique. The results of the back translation are presented in Fig. 2 . Here both randomized back translation and actual coding sequence are reflected. The randomized back translation was made by replacing every amino acid with one of the corresponding randomly selected codons (equiprobable within the group). Although, as Fig. 2 shows, the randomized back-translated DNA sequences are more variable than the genomic DNA, the con- servation pattern of the back-translated sequences still follows the pattern of the real genomic DNA. This, apparently, reflects the conservation of the first and second positions in each codon. Degeneracy of the genetic code leads to higher variability of the third codon position in genomic sequences as compared with randomized back translation. Figure 3 shows the information content of the third position only. These data were normalized in order to reveal the regions where the third position is preserved above expectation. Two regions demonstrate third position preservation above the expected level: the RRE and C1. Additional regions, such as C2 and V3, demonstrate similar conservation behavior but the former two regions show the highest values. Such an outcome was expected for the RRE region with its important RNA secondary structure. However, information content maximum in the C1 region is unexpected and indicates the presence of another, hidden message in this sequence, beside the messages for amino acid translation.
A number of secondary structures that play a functional role during the virus life cycle of HIV-1 have been determined. To the best of our knowledge, the RRE is the only known functional RNA secondary structure that is located within the env PELEG ET AL. 872   FIG. 3 . Conservation of the third codon position along the env gene. Nucleotides at the third position of each codon of the env gene had been extracted from the multiple alignment data sets of the DNA sequences of the HIV-1 env gene. The conservation of the third position was computed by using information content as a measure. We present the normalized plot of the information content. For the normalization, we used the average and standard deviation values that we obtained from ungapped alignments to avoid disruptions of the results. The normalized information content was smoothed by a running average (window size 5 6). A map of the subregion is shown above the plot. It is generally agreed that comparative methods are most reliable for determination of RNA secondary structure common for a set of related RNA sequences. 42 As a first simple test, we took the above-described CLUSTAL W alignment, and calculated energetically optimal RNA secondary structures for each sequence. The distribution of RNA secondary structure conservation along the env gene is shown in Fig. 4A . There are few regions where putative RNA secondary structures are highly conserved; most prominent is the RRE region located around positions 1778-2137, with the gp120-gp41 cleavage site at position 1818. The previously undetected C1 secondary structure conservation is clearly seen in Fig. 4B . In Fig. 4A and B one can also observe additional regions with potentially conserved RNA secondary structures, specifically C2 and two spots downstream of the RRE, around positions 2200 and 2450. These regions are probably 59 and 39 strands of one and the same RNA fold. Indeed, more detailed analysis shows that in the C2 region mainly 59 stems of RNA secondary structure are conserved, whereas downstream of the RRE a region of 39-stem conservation is situated.
A novel RNA secondary structure within the C1 region
The visualization of "RNA secondary structure alignments" in Fig. 4A , which reveals the RRE structure in finest detail, points also to other possibly conserved RNA stem-loop structures. Indeed, this simple approach identifies RNA secondary structures that are common to practically all versions of the env gene in the C1 region (positions 124-438).
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FIG. 5.
Conservation of hypothetical env RNA secondary structure obtained by back translation of env amino acid sequences. env amino acid sequences from the data set were back translated, whereas the codons were randomly selected within the limits of each amino acid codon pulled. Obtained randomized nucleotide sequences were folded by RNAfold software. The back-translated RNA secondary structures predicted by the Vienna package were realigned and gaps were inserted. Conservation of RNA secondary structure at every position was computed by using the information content as a measure, in exactly the same way as described in Fig. 4A for the real RNA sequences. The dark area demonstrates RNA secondary structure conservation of the backtranslated env sequences, whereas the fainter area describes the RNA secondary structure conservation of the env sequences retrieved from the original database (as in Fig. 4A ).
Another piece of evidence to support the existence of a common RNA fold in the C1 region comes through comparison of the RNA secondary structure conservation predicted inside the genomic env C1 sequences with the randomized back-translated C1 sequences as demonstrated in Fig. 5 . It is clear that the conservation pattern of the randomized back-translated RNA second structure plot is flattened, compared with the information content of the natural HIV-1 RNA secondary structure, and the respective peaks of C1 and RRE are low. The most common features of the conserved RNA structures could be easily reconstructed from the pattern in Fig. 4B , and confirmed by the common RNA fold (Fig. 6A) . Figure 6 shows these folds in detail. The consensus RNA fold presented in Fig. 6A can be further compared with a representative individual HXB2 RNA fold in Fig. 6B . The fold consists of two long imperfect stems. The first stem is located at positions 1 to 150 in C1 or at positions 124 to 274 in the whole env gene. In Fig. 6A the fold has a complex structure, branching at position 30 (or 154). The second structure is located at positions 150 (174) to 300 (324), and has a long stem with two major bulges. The common structure in Fig. 6A is similar to the predicted structure in genome HXB2 of Fig. 6B . The numbering of the positions in Fig. 6A and B is different because in case of a common structure (Fig. 6A ) the numbering includes gaps. One should not expect the HXB2 predicted structure and common structure to be identical. The common structure contains gaps required by the multiple alignment procedure; it should approximately reflect HIV-1 subtype, which is likely to have its own version of the stem-loop structure. It may well be that individual structures reflect alterations caused by changes in physiological conditions. One interesting observation is that the UAAA loop at the top of the first structure in the HXB2 prediction (positions 174-177 or 76-79 in Fig. 6B ) is conserved, as is the GGAUAUAA sequence (positions 308-315 or 210-217 in Fig. 6B ) at the top loop of the second structure. The difference between the common structure and the HXB2 structure may be explained by the specifics of the GeneBee software. 40 This algorithm tends to fold the most conserved bases first, thus sometimes forcing the above-described motifs into the stems. We consider the common secondary structure in Fig. 6A as more reliable because its stem elements are based on the multiple alignment of 178 sequences. It is important to emphasize that our conclusion about the biological relevance of the C1 RNA secondary structure is based largely on the conservation of the third position and the multiple alignments of the secondary structure.
These results are also supported by a computed covariance analysis we have performed for this region (data not shown).
DISCUSSION
The aim of our study was to search for factors constraining the variability of the genome primarily in relation to conserved RNA secondary structures located in the env gene. We were able to predict a new, apparently functional (and as a result, conserved), RNA secondary structure. This was done by a simple combination of thermodynamic and genomic approaches. This method allowed checking each factor separately, aligning it in order to enhance the major and important signals, and comparing it with the other aligned factors.
Putative RNA secondary structures within the env gene Straightforward alignment of thermodynamically optimal RNA folds of the entire sequence indicates the existence of several common RNA stem-loop structures. One of them is the well-known RRE structure, whose topology can be reconstructed in detail from the RNA secondary structure alignment ( Fig. 4A ; see Materials and Methods). Two other highly conserved RNA secondary structures are located in the C1 region (Figs. 4B and 6) , with a level of conservation almost as high as for the RRE. Despite the high conservation of the C1 region, optimal RNA secondary structures for individual sequences possess potentially significant differences. RNA secondary structures in the other constant region of env (C2-C5) are less conserved than in C1, although more sophisticated analysis of potential RNA structures may confirm their statistical significance.
Back translation
Support for the assumption of the existence of functional RNA secondary structures along the C1 region is provided by the difference between the genomic RNA secondary structure and the randomized back-translated RNA structure on the one hand, and the high conservation of the third codon position in this region on the other hand. The degeneracy of the genetic code in such that the third codon position only rarely changes the amino acids. Hyperconservation of the third position in a coding sequence implies the existence of another biological message besides the protein coding. RNA secondary structure is indeed such an additional message. The hyperconservation of the third position implies a functionality of the encoded RNA secondary structure. The striking difference between RNA secondary structures derived from the randomized back-translated env sequences and the real genomic env sequences is far more prominent than differences in those sequences and points, indeed, to the important contribution of the third position to the formation and conservation of C1 RNA secondary structure.
The C1 RNA secondary structure
The role of the C1 region in the gp120 glycoprotein had been indicated by Wyatt et al. 43 as part of the gp41-gp120 interactive region together with the C5 conserved region. Our natural assumption is that a significant portion of amino acids in the C1 region does not participate in the gp120-gp41 protein-protein interaction. Nevertheless, the entire C1 nucleotide sequence is well conserved. We explain it by the existence of the conserved RNA fold. The actual functional role of the conserved RNA secondary structure remains to be elucidated.
Unlike the C1 RNA structure, both the Rev protein-binding element (RBE) and TAR element have well-studied specific protein-binding features. A nonspecific binding feature of these secondary structures to the chromosomal protein HMG-D has been discovered. 44 The high-mobility group protein HMG-D is known to bind preferentially to DNA of irregular structure, with little or no sequence specificity. HMD-D can also bind to double-stranded RNA. The restricted C1 sequences were folded into one putative common RNA secondary structure, using the GeneBee server, 38 a method for building optimal RNA secondary structure based on sequence alignment. Two branched hairpins that appeared are the main features of this putative common RNA fold. Free energy of structure 5 234.9 kcal/mol. (B) Example of the predicted HXB2 RNA secondary structure in the C1 region. The C1 region was retrieved from the complete HXB2 genome. The restricted sequences were folded, using the Mfold program. Two branched hairpins that appeared at almost every energy level are the main features of the putative common RNA fold.
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RNA structures in C1 are an evolutionary design for nonspecific binding. Indeed, a closer look at the loops of the C1 RNA structure and the RBE loop reveals certain similarities. For example, the AUUAU consensus at positions 19-23 (or 143-147 in the env gene) at the first bulge of the common structure is similar to the stem-loop IID AUUAU of RRE. (Remarkably, the first bulge of the HXB2 predicted secondary structure keeps the AUUAU site as well.)
Overlapping messages
The question concerning whether highly conserved genetic codes tend to overlap, or whether this overlapping of genetic codes creates highly conserved sequences, has no answer yet. The two major RNA secondary structures detected in the env gene sequence are located in regions of conserved amino acid sequences: the RRE region and the C1 region. A possible explanation for this phenomenon is that each of the superimposed biological signals reduces the freedom of its overlapped companion to vary. Indeed, the existence of RNA secondary structure in these regions produces additional constraints reducing the potential of the amino acid sequence to change. Another speculation is that overlapping of various codes is advantageous from the point of view of "venture distribution." That is, if a given region is biologically important and the preservation of its sequence is critical, then the appearance of another important code in this region, superimposed on the first, is of evolutionary preference, in order to minimize the number of vulnerable sites in this sequence. Thus, one would except to find more hidden codes within the sequences of highly conserved genes. This is definitely not the first case of overlapping messages in the HIV-1 genome. Overlapping of genes such as pol/vif, env/tat2, and env/vpu is well known. One of the interesting findings is that in most cases the regions containing superimposed messages have characteristics of RNA secondary structures. Overlapping the RNA secondary structure with protein-coding sequence such as the RRE is also well known. Characterization of RNA secondary structures along the HIV-1 genome is still far from completion. Furthermore, the biological function of these structures is yet to be discovered.
In this article we have reported on the finding of a previously undescribed RNA secondary structure in the C1 region by employing informational characterization of the sequences. The same technique indicates more overlapping messages in other regions of the HIV-1 genome, for example, in the nef gene.
